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Glycine, a simple
physiological compound
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Ischaemia is amongst the leading causes of death. Despite this importance, there are only a few therapeutic approaches to
protect from ischaemia–reperfusion injury (IRI). In experimental studies, the amino acid glycine effectively protected from IRI.
In the prevention of IRI by glycine in cells and isolated perfused or cold-stored organs (tissues), direct cytoprotection plays a
crucial role, most likely by prevention of the formation of pathological plasma membrane pores. Under in vivo conditions, the
mechanism of protection by glycine is less clear, partly due to the physiological presence of the amino acid. Here, inhibition
of the inflammatory response in the injured tissue is considered to contribute decisively to the glycine-induced reduction of
IRI. However, attenuation of IRI recently achieved in experimental animals by low-dose glycine treatment regimens suggests
additional/other (unknown) protective mechanisms. Despite the convincing experimental evidence and the large therapeutic
width of glycine, there are only a few clinical trials on the protection from IRI by glycine with ambivalent results. Thus, both
the mechanism(s) behind the protection of glycine against IRI in vivo and its true clinical potential remain to be addressed in
future experimental studies/clinical trials.

Abbreviations
Gly, glycine; ROS, reactive oxygen species

Introduction
Glycine is the simplest amino acid, with just an amino group,
a carboxyl group and two hydrogen atoms all bound to one
carbon atom (Figure 1). Glycine is taken up by cells via a
variety of glycine transporters; typically by a secondary active
transport coupled to hydrogen, sodium and/or chloride ion
uptake (Boll et al., 2004; Eulenburg et al., 2005; Zafra and
Gimenez, 2008). Due to its small size, glycine is sterically
extremely adaptable and the preferred candidate for an inte-
rior position in proteins. Besides being a decisive building
block in many proteins, glycine is also a component of the
tripeptide glutathione and of the bile acid glycocholic acid
(Figure 2). In addition, it is an essential substrate for the

synthesis of a variety of biomolecules such as creatine, por-
phyrins and purine nucleotides. Within cells, glycine is oxi-
datively (NAD+-dependently) degraded by the mitochondrial
glycine cleavage system to CO2, NH4

+, NADH and a methyl-
ene group, which is accepted by tetrahydrofolate, thus
forming N5,N10-methylenetetrahydrofolate (Kikuchi et al.,
2008; Tibbetts and Appling, 2010). Via methylenetetrahydro-
folate, glycine is decisively involved in the metabolism of
1-carbon units and by that in further synthetic pathways.
Using methylenetetrahydrofolate, mitochondrial and cytoso-
lic serine hydroxymethyl transferase catalyses the formation
of serine from glycine (Tibbetts and Appling, 2010). The
reactions catalysed by the glycine cleavage system and by
serine hydroxymethyl transferase are reversible and thus can
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also be used for the synthesis of glycine. Glycine is also
formed from glyoxylate, a reaction catalysed by alanine :
glyoxylate aminotransferase, an enzyme which is predomi-
nantly located in peroxisomes (Holmes and Assimos, 1998;
Ichiyama, 2011).

In addition to its fundamental role in metabolism, glycine
represents the major inhibitory neurotransmitter in the adult
CNS (preferentially in the brainstem and spinal cord).
Binding of glycine to the glycine receptor (a ligand-gated
chloride channel) causes chloride influx, membrane hyper-
polarization, and thus inhibition of postsynaptic neurons
(Figure 3) (Gundersen et al., 2005; Betz and Laube, 2006;
Bowery and Smart, 2006; Webb and Lynch, 2007; Dresbach
et al., 2008; Hernandes and Troncone, 2009; Lynch, 2009).
That way glycine is, for example, involved in the generation
of reflex responses, in the processing of sensorial inputs and
in the sensation of pain. The alkaloid strychnine (Figure 1) is
a potent competitive inhibitor of the glycine receptor acting
already at micromolar concentrations. Structurally, the neu-
ronal glycine receptor is a pentamer presumably being com-
posed of two a and three b subunits. There are four different
a subunits (a1 to a4) but only one b subunit, encoded by
separate genes. The scaffolding protein gephyrin binds to the
b subunits and connects the glycine receptor with filaments
of the submembraneous cytoskeleton, mediating, among
others, clustering of the receptor. In addition to its function
as an inhibitory neurotransmitter, glycine facilitates neu-
rotransmission mediated by glutamate, the major excitatory
neurotransmitter in the CNS. The NMDA (glutamate) recep-
tor does not only have a specific recognition site for
glutamate but also a second one for glycine (Paoletti, 2011).

Figure 1
Glycine and other glycine receptor agonists, antagonists and
compounds with low affinity to the glycine receptor. GlyR, glycine
receptor.

Figure 2
Metabolism of glycine. THF, tetrahydrofolate.

Figure 3
Glycine, an inhibitory neurotransmitter and an inhibitor of the acti-
vation of immune cells. Activation of GlyR by glycine results in influx
of chloride ions, membrane hyperpolarization and thus, in neurons,
in inhibition of the response to excitatory neurotransmitters. In
immune cells, hyperpolarization inhibits opening of voltage-
operated calcium channels (VOCs), thus influx of calcium ions and
activation of these cells, resulting among others in attenuation of the
formation of TNF-a, NO and ROS.
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To activate the receptor, both recognition sites need to be
occupied. The specific binding site for glycine within the
NMDA receptor cannot be blocked by strychnine (Gundersen
et al., 2005), and an impaired function of NMDA receptors
has been proposed to contribute to psychiatric disorders such
as schizophrenia (Gaspar et al., 2009).

In ischaemia–reperfusion injury, intracellular processes
but also a reaction of/within the surrounding tissues, usually
referred to as inflammatory response (reaction), are involved
in executing irreversible injury (Figure 4) (de Groot and
Rauen, 2007; Abu-Amara et al., 2010; Turer and Hill, 2010;
Vollmar and Menger, 2011). In the ischaemic phase, in the
absence of any blood supply (no-flow ischaemia), hypoxic
(anoxic) cell injury, that is, cell injury due to energy depletion
(in the absence of O2), is the dominating pathogenetic event.
Triggered by the impaired energy production, disturbances of
the cellular sodium and calcium homeostasis, activation of
hydrolases and increases in the permeability of intracellular
membranes and of the plasma membrane may result in func-
tional alterations of the cells or in cell death. With increasing
residual blood supply (low-flow ischaemia), however, the
inflammatory response increasingly contributes to the inju-
rious process already during the ischaemic phase. Function-
ally altered and dead cells (cell fragments) are the trigger for
the inflammatory response comprising, among others, acti-
vation of macrophages, granulocytes, the complement
system and blood coagulation, the formation of reactive
oxygen species (ROS) and disturbances of the microvascular
perfusion. In the reperfusion phase, injury is dependent on
the progression of the inflammatory response. Additional cell
injury may occur (e.g. through excessive ROS formation or
still by hypoxia due to impaired microvascular perfusion). On

the other hand, at least part of the inflammatory response is
a prerequisite for the regeneration of the injured tissue.

Since its first description as a cytoprotective agent in 1987
(Weinberg et al., 1987), glycine has been shown to protect
against ischaemia–reperfusion injury [including related inju-
ries due to anoxia, hypoxia, ROS, chemically induced energy
depletion, and mere resupply of oxygen (reoxygenation)] in a
great variety of experimental models. There are already pro-
found reviews covering specific aspects of this protective
action such as protection of the liver (Habib et al., 2006;
Wang et al., 2010) and mechanisms of cytoprotection and
inhibition of inflammation (Wheeler et al., 1999; Zhong
et al., 2003; Gundersen et al., 2005). In addition to protection
from ischaemia–reperfusion injury, substantial experimental
evidence has been presented that glycine may also protect
against other injurious processes such as liver fibrosis and
alcoholic liver disease, gastric ulcer, cyclosporine A-induced
nephrotoxicity and arthritis (Wheeler et al., 1999; Zhong
et al., 2003). Even inhibition of tumour growth in rats and
mice has been reported (Rose et al., 1999a,b).

In the present review, we will first summarize the existing
experimental data on the effects of glycine in ischaemia–
reperfusion and related injuries, differentiating between
experiments performed with cells, isolated perfused or stored
organs and in vivo experiments. Subsequently, we will depict
the presently discussed mechanisms of the protection pro-
vided by glycine and critically evaluate their relevance.
Finally, we will delineate the potential of glycine to be
applied clinically in the prevention of ischaemia–reperfusion
injury.

Protection of primary cells and cell
lines by glycine

In primary cells and cell lines, injury was induced by hypoxia
(anoxia), hypoxia–reoxygenation, inhibitors of oxidative
phosphorylation and/or glycolytic energy production
(chemical hypoxia, chemical energy depletion) or by ROS
such as hydrogen peroxide or tert-butylhydroperoxide.
Glycine and related compounds were applied at concentra-
tions of 1 mM and above, just before the induction of cell
injury or during the injurious process, if not otherwise stated.

In experiments with isolated renal proximal tubules and
epithelial cells isolated thereof, glycine clearly diminished
hypoxic and hypoxia–reoxygenation injury, with its greatest
effect during the hypoxic period (Weinberg et al., 1987; 1989;
1990b; 1995; Mandel et al., 1990; Paller and Patten, 1992;
Wetzels et al., 1993a; Moran and Schnellmann, 1997; Tijsen
et al., 1997), and a half-maximal protective effect at around
0.8 mM glycine (Weinberg et al., 1990b). In parallel, protec-
tion from hypoxic injury (Marsh et al., 1993; Brecht and de
Groot, 1994; Nichols et al., 1994; Carini et al., 1997;
Nagatomi et al., 1997; Frank et al., 2000; Bramey et al., 2009),
with half-maximal effects at glycine concentrations between
0.2 and 0.4 mM (Nichols et al., 1994; Nagatomi et al., 1997),
but also from hypoxia–reoxygenation injury (Brecht and de
Groot, 1994) and injury due to restoration of pH from 6.2 (at
hypoxia) to 7.4 (at reoxygenation) (Qian et al., 1997), was
shown for isolated hepatocytes, in which glycine also pre-

Figure 4
Cell injury, inflammatory response and regeneration during or fol-
lowing ischaemia–reperfusion. Protective effects of glycine. At con-
centrations around 1 mM and above, glycine decreases hypoxic cell
injury by direct cytoprotection and inhibits the inflammatory
response. A direct cytoprotective effect of glycine on other forms of
cell injury occurring during reperfusion, such as those mediated by
ROS, remains a matter of debate. The mechanism of protection by
glycine at low-dose treatment regimens is unknown. The same is true
for the effect of glycine on regeneration of the tissue injured by
ischaemia–reperfusion.
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vented cold ischemic injury and injury due to warm reoxy-
genation after cold storage as used in transplantation (Marsh
et al., 1991; 1993). In both, isolated renal proximal tubules
(Weinberg et al., 1990a; 1991a,b; 1995; Aleo and Schnell-
mann, 1992; Garza-Quintero et al., 1993; Miller and Schnell-
mann, 1993; Miller et al., 1994) and isolated hepatocytes
(Dickson et al., 1992; Marsh et al., 1993; Sakaida et al., 1996;
Carini et al., 1997; Petrat et al., 2006), glycine was also pro-
tective upon energy depletion by inhibitors of oxidative
phosphorylation and/or glycolytic energy production such as
cyanide, antimycin A, NO or iodoacetate, again with half-
maximal protective effects at around 0.4 mM (Aleo and
Schnellmann, 1992; Dickson et al., 1992).

Protection by glycine against injury due to chemical
energy depletion was demonstrated also in liver sinusoidal
endothelial cells (Nishimura and Lemasters, 2001; Dehne
et al., 2004), human umbilical vein endothelial cells (Wein-
berg et al., 1992), kidney epithelial cells (MDCK cells) (Ven-
katachalam et al., 1995; 1996; Pan et al., 2005; Jiang et al.,
2011) and PC-12 cells (Zhang et al., 2003), a cell line with
neuronal properties. In human umbilical vein endothelial
cells, half-maximal protection was achieved at 0.3 mM and in
PC-12 cells at 0.7 mM glycine. In liver sinusoidal endothelial
cells, glycine also prevented injury induced by the combined
effects of simulated ischaemia–reperfusion (presence of
cyanide, washout of cyanide) and pH restoration (simulated
ischaemia at pH 6.2, simulated reperfusion at pH 7.4) with
half-maximal protection at about 0.3 mM glycine (Nishimura
et al., 1998). In rat cortical neuron cultures, glycine decreased
hypoxic injury in mature neurons (Zhao et al., 2005), and in
HL-1 cardiac myocytes, glycine blocked injury induced by
re-energization and pH normalization following simulated
ischaemia (NaCN/2-deoxyglucose, pH 6.4) (Ruiz-Meana et al.,
2004). Only in immature neurons (Zhao et al., 2005) and
HEK-293 cells (Pan et al., 2005), glycine was without any
effect on injury due to hypoxia or chemical energy depletion.

Protection from cell injury due to hypoxia, hypoxia–
reoxygenation and chemical energy depletion has also been
demonstrated for a variety of compounds structurally related
to glycine such as L-alanine, b-alanine, D-alanine and L-serine
(Figure 1) (Garza-Quintero et al., 1990; 1993; Mandel et al.,
1990; Weinberg et al., 1990b; 1992; Dickson et al., 1992;
Paller and Patten, 1992; Marsh et al., 1993; Brecht and de
Groot, 1994; Nichols et al., 1994; Frank et al., 2000; Zhang
et al., 2003). The actual effect depended on the cell type, the
mode of induction of the insult and the respective com-
pound. As a rule, these compounds were somewhat or clearly
less effective than glycine, and/or higher concentration were
required for the same protective effect.

The results with glycine being protective against injury
mediated by ROS are contradictory. In experiments with renal
proximal tubules, where cell injury was induced by tert-
butylhydroperoxide, glycine either protected against cellular
injury (Miller et al., 1994) or not (Sogabe et al., 1996). Similar
to the latter finding, glycine did not prevent tert-
butylhydroperoxide-induced injury in isolated rat hepato-
cytes (Marsh et al., 1993). In a human intestinal epithelial
cell line (HCT-8), glycine protected only when cells
were treated with glycine for several hours prior to tert-
butylhydroperoxide application but not when glycine
and tert-butylhydroperoxide were applied simultaneously

(Howard et al., 2010); in these experiments, alanine was
without any protective effect. In renal proximal tubules,
glycine did not protect from injury induced by iron-loading
either (Sogabe et al., 1996). In human umbilical vein endot-
helial cells, glycine protected against cell injury induced by
hydrogen peroxide (Weinberg et al., 1992), while it failed to
do so in CHO cells (Brandi et al., 1992).

In summary, with the exception of im-/pre-mature cells,
glycine protects cells of different origin against injury medi-
ated by hypoxia, hypoxia–reoxygenation or chemical energy
depletion. Half-maximal protection occurred around 0.4 mM
(0.2–0.8 mM); full protection was achieved by glycine con-
centrations of 1 mM and above. Whether glycine protects
cells from injury induced by ROS remains controversial.

Protection of isolated perfused or
stored organs by glycine

Isolated perfused organs
In isolated rat livers, glycine (3, 6 and 12 mM) dose-
dependently prevented liver injury due to perfusion first with
a hypoxic and subsequently an oxygenated buffered salt solu-
tion (Deters et al., 1997), and addition of 2 mM glycine upon
reperfusion minimized reperfusion injury following a period
of low-flow ischaemia (Zhong et al., 1996). In the latter study,
the protective effect was half-maximal at already 0.13 mM
glycine. In the isolated perfused rat liver, addition of 12 mM
glycine to the perfusion buffer clearly decreased liver injury
induced by tert-butylhydroperoxide (Deters et al., 1998).

In isolated kidneys perfused in the absence of erythro-
cytes or artificial oxygen carriers, hypoxic medullar injury
already develops despite perfusion with oxygenated medium
(95% O2, 5% CO2). This injury was largely prevented by
glycine, L-alanine, D-alanine or b-alanine, with glycine being
somewhat more protective than the other compounds
(Baines et al., 1990; Silva et al., 1991; Heyman et al., 1992a).
To achieve full protection, at least 2 mM of the protective
compounds had to be present. L-serine had only a slightly
protective effect, and taurine was not protective in these
experiments.

In Langendorff-perfused rat hearts, 10 mM glycine pre-
vented injury associated with pH normalization upon reper-
fusion following ischaemia (Ruiz-Meana et al., 2004).

Cold-stored organs
In renal transplantation experiments conducted on mongrel
dogs, inclusion of 5 mM glycine to the preservation solution
during cold storage clearly improved kidney function follow-
ing transplantation (Mangino et al., 1991); in these experi-
ments, 30 mM glycine, however, was toxic. On the other
hand, in a pig lung transplantation model, supplementation
of the preservation solution with 50 mM glycine resulted in a
decreased injury of the transplanted lung (Gohrbandt et al.,
2006), and in an ex vivo rat lung perfusion model, addition of
5 mM glycine to the preservation solution ameliorated lung
injury upon warm reperfusion (Omasa et al., 2003). Likewise,
in an in situ small intestine reperfusion model in dogs, inclu-
sion of 5 mM glycine in the storage solution decreased intes-
tinal injury (Mangino et al., 1996). Less clear-cut results were
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obtained with the liver. In rat livers stored for several hours
in preservation solution [University of Wisconsin (UW)
solution], replacement of glutathione by 10 mM glycine
decreased injury of the transplanted liver and increased sur-
vival of the recipients (den Butter et al., 1993a). Such a pro-
tective effect, however, could not be demonstrated in the dog.
Likewise, in rabbit livers, addition of 15 mM glycine to cold
UW solution, again in the place of glutathione, did not
diminish enzyme release or improve bile production upon
mechanical reperfusion with a buffered salt solution (den
Butter et al., 1994). In contrast, addition of 10 mM glycine to
the reperfusion buffer decreased hepatocellular injury but
again was without protective effect on bile formation. Simi-
larly, in rat livers stored in UW solution and mechanically
reperfused in the presence of 5 mM glycine, non-
parenchymal cell injury was effectively prevented (half-
maximal effect at about 0.1 mM glycine) (Currin et al., 1996).

In summary, with the exception of cold-stored livers,
glycine (with a concentration dependency comparable with
the one in primary cells and cell lines) protects not only
isolated perfused but also cold-stored organs of different
origin against ischaemia–reperfusion injury.

Protection by glycine in vivo

Liver
In rats and rabbits, pre-ischaemic i.v. infusion of glycine
(5–200 mg·kg-1) clearly decreased ischaemia–reperfusion
injury of the liver (Duenschede et al., 2006; Yamanouchi
et al., 2007; Sheth et al., 2011). A comparable protective
effect was obtained by injection of taurine (10 mg·kg-1)
(Kincius et al., 2007). Pre-ischaemic injection of glycine (c.
150 mg·kg-1) or taurine (c. 240 mg·kg-1) even decreased
ischaemia–reperfusion injury in pre-diseased (fatty) livers
(Bruns et al., 2011).

In liver transplantation experiments in the rat, i.v. infu-
sion of glycine to the donor (c. 130 mg·kg-1) before harvest
decreased injury of the transplanted liver and increased sur-
vival of the recipient (Rentsch et al., 2005; Liu et al., 2006).
Similar to glycine, taurine pre-treatment of the donor
improved graft survival after transplantation (Schemmer
et al., 2005). Here, maximal protection was already achieved
by i.v. infusion of c. 80 mg taurine per kilogram before har-
vesting. Again in the rat, rinsing of the transplants prior to
implantation with Carolina rinse solution additionally con-
taining 5 mM glycine largely prevented liver injury following
transplantation (Bachmann et al., 1995). In a pig model of a
non-heart-beating donor, inclusion of 25 mg glycine per kilo-
gram during normothermic reperfusion following warm
ischaemia (still within the donor using a heart lung machine)
decreased liver injury and improved outcome following
transplantation (Barros-Schelotto et al., 2002). In dog liver
transplantation experiments, glycine was not protective
when included in the UW solution during cold preserva-
tion (see above). In these experiments, however, glycine
(c. 30 mg·kg-1) turned out to protect the transplanted liver
and to increase survival when given to the recipient after
transplantation (den Butter et al., 1993a).

Glycine also protected the liver against in situ mechanical
manipulation (Schemmer et al., 1998; 2001a) or resection (Ito

et al., 2008; Benko et al., 2010), where ischaemia–reperfusion
is not the primary event but contributes to liver injury.

Kidney
In rats, dietary glycine (5% glycine, for 2 days before
ischaemia and continued for the whole experimental period
of 2 weeks) combined with a glycine bolus injection
(100 mg·kg-1) 5 min before the end of the ischaemic period
decreased renal ischaemia–reperfusion injury (Yin et al.,
2002). Protection by glycine occurred, however, only during
short periods of ischaemia (15 min) and was lost with longer
durations of ischaemia. No protection or even an increase in
renal injury by glycine was observed with kidney ischaemia
of 30 to 45 min duration (Heyman et al., 1992b; Wetzels
et al., 1993b). In these experiments in rats, glycine was i.v.
applied either at a dose of 1.035 g·kg-1 (for 90 min starting
with the onset of ischaemia, resulting in plasma glycine con-
centrations of 3 to 4 mM) (Heyman et al., 1992b) or at a rate
to increase serum glycine concentrations above 2 mM (start-
ing 60 min before ischaemia) (Wetzels et al., 1993b). On the
other hand, in renal transplantation experiments in mongrel
dogs, glycine (c. 60 mg·kg-1) given to the recipient during
surgery improved survival and post-transplant renal function
(den Butter et al., 1993b).

Small intestine
In mice receiving two gastric gavages before the induction of
ischaemia, accumulating to c. 4 g glycine per kilogram, intes-
tinal injury was decreased and survival improved following
reperfusion (Iijima et al., 1997). Attenuation of ischaemia–
reperfusion injury of the small intestine was also achieved in
rats by local i.a. infusion of c. 1.5 g glycine per kilogram each
before ischaemia, before reperfusion or before both time
points (Lee et al., 2001; 2002), and by i.v. infusion of 0.5, 0.75
or 1 g glycine per kilogram throughout the reperfusion period
(Jacob et al., 2003; Kallakuri et al., 2003). Again in experi-
ments in rats, we recently demonstrated that even a very low
glycine dose (5, 10, 20 or 75 mg·kg-1, total doses, infused i.v.
before ischaemia and during reperfusion) effectively dimin-
ished ischaemia–reperfusion injury; already upon infusion of
10 mg glycine per kilogram, maximal protection was
obtained (Petrat et al., 2011). In these experiments, pre-
ischaemic blood plasma glycine concentrations increased
with increasing glycine doses from 280 to 330, 340, 380 and
680 mM respectively. In a rat small bowel transplantation
model, glycine infusion in the donor before harvest and
subsequently from the onset of reperfusion in the recipient
(1 g glycine per kilogram, each) attenuated injury of the
transplanted graft (Schaefer et al., 2008). As reported for the
liver, glycine pre-treatment attenuated the inflammatory
response to mechanical manipulation in the small intestine
as well (Stoffels et al., 2011).

Other organs
In the dog, i.v. infusion of 750 mg·kg-1 glycine at the end of
ischaemia and at the beginning of reperfusion preserved skel-
etal muscle function, decreased oedema and necrotic injury
in the reperfused muscle (Ascher et al., 2001). In a porcine
lung transplant model, donor preconditioning by intrave-
nous infusion of 3.75 g glycine before organ procurement
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effectively improved graft function following transplantation
(Gohrbandt et al., 2006). In a porcine right heart transplan-
tation model, i.v. infusion of glycine (c. 136 mg·kg-1) to
donor animals before harvest improved early post-ischaemic
right ventricular compliance and decreased myocardial injury
(Warnecke et al., 2006).

Haemorrhagic shock
A diet containing 5% glycine, fed for 4 days prior to the
induction of haemorrhagic shock, increased survival in rats
(Mauriz et al., 2001). In other experiments in rats, glycine
proved to be protective even when injected intravenously
just prior to resuscitation (Zhong et al., 1999). Glycine treat-
ment largely increased survival, with a half-maximal effect at
25 mg·kg-1, and largely decreased injury of the lung, kidney
and liver. An equimolar dose of alanine was without any
effect under these conditions. The above results were con-
firmed in studies by Wang et al. (2004).

In summary, with the exception of the kidney, glycine
(sometimes at very low doses) protects the liver, small
intestine, lung, skeletal muscle and potentially the heart
against injury mediated by ischaemia–reperfusion in vivo
and increases survival following haemorrhagic shock and
resuscitation.

Mechanism of protection by glycine

Direct cytoprotection
In cell injury due to hypoxia (anoxia) or chemical energy
depletion (in the following collectively named as hypoxic cell
injury), it is generally accepted that protection by glycine
requires the presence of the amino acid but does not rely on
its metabolism, on protein synthesis, on changes in cytosolic
calcium or on the maintenance of the intracellular pH and
GSH pool, and that glycine does neither support energy (ATP)
generation nor help to diminish energy consumption (Baines
et al., 1990; Weinberg et al., 1990a; 1991b; 1994; Dickson
et al., 1992; Garza-Quintero et al., 1993; Brecht and de Groot,
1994; Churchill et al., 1995; Sakaida et al., 1996; Nagatomi
et al., 1997). On the other hand, glycine (and also alanine)
decreases proteolysis in the hypoxic cells, especially the
one catalysed by Ca2+-dependent, non-lysosomal proteases
(including calpains) (Dickson et al., 1992; Nichols et al., 1994;
Tijsen et al., 1997). Inconsistent results have been reported
for the effects of glycine on the accelerated phospholipid
degradation (Venkatachalam et al., 1995; Sakaida et al., 1996)
and on plasma membrane blebbing under conditions of
hypoxia and reoxygenation (Dickson et al., 1992; Garza-
Quintero et al., 1993; Brecht and de Groot, 1994; Venkatacha-
lam et al., 1996).

In energy-depleted isolated renal proximal tubules,
strychnine and other glycine receptor antagonists – at
millimolar levels, well above micromolar and submicromolar
concentrations that antagonize the neuronal glycine receptor
– were as protective as glycine (Aleo and Schnellmann, 1992;
Miller and Schnellmann, 1993; Moran and Schnellmann,
1997). Both, strychnine and glycine prevented chloride
uptake, and chloride channel inhibitors provided protection
as well. Based on these results, involvement of the glycine

receptor in cytoprotection was proposed assuming that
at high (cytoprotective) concentrations, glycine inhibits
opening of the chloride channel. Protection by strychnine
from hypoxic injury has subsequently been shown for several
cell types, including hepatocytes, and for the isolated per-
fused liver (Currin et al., 1996; Zhong et al., 1996; Carini
et al., 1997; Zhang et al., 2003). Moreover, in kidney epithe-
lial (MDCK) cells, chloride channel blockers proved to be
protective as well (Venkatachalam et al., 1996), and in
energy-depleted hepatocytes, chloride-free medium was
described to be protective (Carini et al., 1997). In further
support of an essential role of the glycine receptor in the
protective function of glycine, in HEK-293 cells lacking the
glycine receptor, protection by glycine was restored by trans-
fection with the a1-subunit of the glycine receptor (Pan et al.,
2005). Furthermore, in the transfected HEK-293 cells and in
MDCK cells (possessing the receptor), protection by glycine
could be suppressed by RNA interference with the a1-subunit
of the glycine receptor.

In obvious contradiction to the above proposal that
glycine protects by inhibiting opening of a chloride channel
of a putative glycine receptor, in hypoxic isolated (cultured)
rat hepatocytes and energy-depleted MDCK cells and neu-
ronal (PC-12) cells, removal of extracellular chloride did not
protect while glycine was clearly protective (Venkatachalam
et al., 1996; Frank et al., 2000; Zhang et al., 2003). Likewise,
reperfusion of cold-stored rat livers with warm chloride-free
buffer did not reduce reperfusion-induced injury of non-
parenchymal cells and was without effect on the protection
provided by glycine under these conditions (Currin et al.,
1996). Furthermore, in hepatocytes and endothelial cells,
even stimulation of chloride influx by glycine has been
reported (at high, protective concentrations and inhibitable
by strychnine at micromolar concentrations) (Yamashina
et al., 2001; Qu et al., 2002; Yamashina et al., 2007). On the
other hand, it is still unclear whether functional glycine
receptors do exist in hepatocytes, endothelial and renal cells
(Froh et al., 2002; van den Eynden et al., 2009).

Based on the results of their experiments with MDCK cells
(protection by glycine, strychnine, and a variety of chloride
channel blockers but lack of protection by chloride-free
medium), Venkatachalam and coworkers proposed that
glycine-gated chloride channel receptors are central compo-
nents of multimeric proteins forming plasma membrane
pores under injurious conditions (pathological pores), but
that these pores are unrelated to the chloride channel activity
of the glycine receptor (Venkatachalam et al., 1996). Glycine
was suggested to prevent the formation of these pores. Using
the same experimental model and studying the permeability
characteristics of fluoresceinated dextrans of graded molecu-
lar size, they subsequently showed that the membrane defects
evolve from small pores permeable only to propidium iodide
(668 Da) and the smallest dextrane (4000 Da), before enlarg-
ing with time to become permeable to dextrans up to
145 000 Da (Dong et al., 1998). In these experiments,
pore formation could not only be prevented by glycine but
also by a membrane-impermeant homobifunctional ‘nearest-
neighbour’ cross-linking agent and, in later experiments, by
an impermeant strychnine derivative (Dong et al., 2001). Evi-
dence for the formation of pathological pores, unrelated to
the chloride channel activity of the glycine receptor, under
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conditions of energy deficiency and its prevention by glycine
has also been presented in experiments with other cell types.
In isolated cultured rat hepatocytes, glycine prevented a
hypoxia-induced influx of the cations sodium, cobalt and
nickel and an efflux of the anion Newport Green (Frank et al.,
2000). In cultured hepatic sinusoidal endothelial cells, upon
induction of chemical hypoxia, there was a delayed increase
in the permeability of the plasma membrane to the anionic
fluorophores calcein and lucifer yellow followed, with a time
lag, by increased permeabilities to the cation propidium and
to high molecular weight dextrans (40–2000 kDa) (Nishimura
and Lemasters, 2001). These alterations were largely
decreased or prevented by glycine. Entry of anions through
the pathological pores (paralleled by sodium entry due to
inhibition of Na,K-ATPase and opening of monovalent cation
channels) was suggested to lead to cell swelling and bleb
formation by colloid osmotic forces, ultimately resulting in
plasma membrane rupture and thus full permeability to both
low and high molecular weight solutes.

Overall, there is compelling evidence that cytoprotection
mediated by glycine in hypoxic cell injury results from
prevention of an increased permeability of the plasma
membrane. The underlying structural alterations and the
mechanism of their prevention by glycine, however, are
largely unknown. Although most likely being formed, a
pathological pore has never been identified, presumably
because such a pore is not a fixed (permanent) entity, but
several of such pores of different composition and character-
istics develop in the course of injury (Figure 5). Since,
however, agonists of the glycine receptor other than glycine
but also antagonists of the glycine receptor as well as inhibi-
tors of chloride channels proved to be protective as well, a
relationship between the glycine receptor or components of
this receptor and the formation of a pathological pore
appears to be likely. However, all these protective compounds
had to be applied at high concentrations, and cytoprotection
was also achieved by compounds, such as alanine and serine

(Figure 1), which are closely related to glycine but only
poorly interact with the glycine receptor (Baines et al., 1990;
Garza-Quintero et al., 1990; 1993; Mandel et al., 1990; Wein-
berg et al., 1990b; 1992; Silva et al., 1991; Dickson et al., 1992;
Heyman et al., 1992a; Paller and Patten, 1992; Marsh et al.,
1993; Brecht and de Groot, 1994; Nichols et al., 1994; Frank
et al., 2000; Zhang et al., 2003). According to these results,
and still in line with the other results, at least under certain
conditions proteins only structurally related to components
of the glycine receptor (but not components of the glycine
receptor themselves) appear to be involved in the formation
of the pathological pores.

The formation of pathological plasma membrane pores
and its prevention by glycine accounts for several of the
effects of glycine on injurious alterations in hypoxic cells
such as inhibition of the influx of sodium or calcium and,
partly that way, of the activation of proteases and phospho-
lipases. The formation of the plasma membrane pores (in
their final forms), however, is a very late event in hypoxic cell
injury (Dong et al., 1998; Frank et al., 2000; Nishimura and
Lemasters, 2001) as also indicated by the observation that
addition of glycine 1 h after energy depletion still provided
effective protection (Dickson et al., 1992). This implies, on
the other hand, that other injurious cellular alterations trig-
gered by ATP depletion but not affected by glycine occur prior
(upstream) to the formation of the pathological plasma mem-
brane pores and/or independent of plasma membrane pore
formation. An important example for the latter possibility
appears to be the opening of the mitochondrial permeability
transition pore and/or the development of other mitochon-
drial defects such as damage to complex I (Qian et al., 1997;
Weinberg et al., 1997; 2000; Park et al., 2011). Due to these
lesions, mitochondrial energy production may already be
severely (irreversibly) impaired at a time point when the
plasma membrane still maintains its selective permeability
due to the protection provided by glycine, thus paradoxically
indicating a still viable cell. Accordingly, withdrawal of
glycine without recovery of the mitochondrial function led
to a rapid loss of plasma membrane protection and thus cell
death (Weinberg et al., 1997; 2000; Park et al., 2011).

There are, however, some observations, which, at least at
first sight, are not compatible with the assumption that
glycine protects from hypoxic cell injury by preventing the
formation of plasma membrane pores. Examples are an
involvement of ERK1/2 and Akt signalling pathways in
glycine cytoprotection (Jiang et al., 2011) or direct inhibition
of cytosolic proteases already at 2 mM glycine (Ferguson
et al., 1993). The significance of these observations, however,
remains to be established.

The results of the few studies on the protection by glycine
against cell injury due to ROS or upon reoxygenation (reper-
fusion) provide only very limited and partly inconclusive
information on the underlying protective mechanism. Thus,
there is some evidence that glycine cannot protect from mem-
brane injury due to lipid peroxidation (Sogabe et al., 1996). On
the other hand, an increase in cellular GSH achieved by
pre-treatment with glycine may contribute to its protective
function against oxidative challenge due to tert-
butylhydroperoxide treatment (Howard et al., 2010). In iso-
lated hepatocytes where cell injury was induced by combining
hypoxia–reoxygenation with restoration of the pH from 6.2 to

Figure 5
Formation of pathological plasma membrane pores during hypoxic
injury and its prevention by glycine. During hypoxic cell injury,
pathological pores are formed in the plasma membrane with increas-
ing size. These pores are composed of different proteins, with com-
ponents of GlyR presumably playing a central role. Glycine prevents
the formation of these pores by binding to the GlyR components but
possibly also to other structurally related proteins.
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7.4, protection by glycine, added at reoxygenation/pH resto-
ration, was independent of the presence of chloride in the
medium, and no evidence for an effect of glycine on mito-
chondrial permeability transition pore opening was found
(Qian et al., 1997). In contrast, under comparable conditions,
opening of the permeability transition pore appears to be
prevented by glycine in cardiomyocytes (Ruiz-Meana et al.,
2004). In these experiments, glycine even blocked opening of
the transition pore in the isolated mitochondria.

Inhibition of the inflammatory response
Thurman and coworkers were the first to suggest that glycine
protects from ischaemia–reperfusion injury by inhibiting
activation of macrophages and other cells of the immune
system and thus the inflammatory response (Figure 4). In
experiments with rat Kupffer cells, the resident macrophages
in the liver, they demonstrated that their activation by
lipopolysaccharides (LPS) was largely diminished by glycine
with a half-maximal effect at c. 200 mM glycine (Ikejima et al.,
1997). Since glycine blunted the LPS-induced increase in the
cytosolic calcium concentration, and since the glycine effects
were prevented by 1 mM strychnine or chloride-free buffer,
they proposed that glycine activates a glycine-gated chloride
channel, which hyperpolarizes the plasma membrane and
thus inhibits calcium influx and activation of the Kupffer
cells, similar to its action in neuronal cells (Figure 3); in these
experiments, a high concentration of strychnine (1 mM)
mimicked the glycine effects, while 1 mM alanine was
without any effect.

Meanwhile, the existence of glycine-gated chloride chan-
nels on cells of the immune system, especially on macroph-
ages and neutrophils, is generally accepted (Froh et al., 2002;
van den Eynden et al., 2009). Inhibition of activation by
glycine has been shown for neutrophils (half-maximal effect
around 0.3 mM) (Wheeler et al., 2000), splenic macrophages
(half-maximal inhibition at 0.55 mM) (Li et al., 2001), alveo-
lar macrophages (half-maximal effect already at around
10 mM) (Wheeler and Thurman, 1999) and cultured mono-
nuclear cells (CD4+ T lymphocytes) (half-maximal effect at
c. 1 mM) (Bruck et al., 2003). On the other hand, for Kupffer
cells, a lack of blockade of LPS-induced TNF-a formation by
glycine has been reported (Currin et al., 1996), and in perito-
neal macrophages, glycine pre-treatment for hours to days
even improved TNF-a and NO formation following activation
by LPS, an effect that was suggested to be mediated by neutral
amino acid transporters (Carmans et al., 2010). In accordance
with its capability of inhibiting cells of the immune system,
glycine has been shown to protect from a variety of injurious
processes where inflammation decisively triggers or amplifies
the injurious process such as in endotoxin shock (Wheeler
et al., 1999; Zhong et al., 2003).

Relevance
Blood plasma glycine concentration has been reported to
vary between 170 and 330 mM both in humans and in experi-
mental animals (Evins et al., 2000; Iresjö et al., 2006; Petrat
et al., 2011). After a meal, plasma glycine concentration may
increase from 250 to 330 mM (Iresjö et al., 2006). The struc-
turally related amino acids alanine, serine and taurine are
present in blood plasma at concentrations around 220 to 620,

70 to 180 and 40 to 100 mM respectively (Iresjö et al., 2006).
Due to active uptake, the intracellular glycine concentrations
are significantly higher than the extracellular levels (Wein-
berg et al., 1991c; Weinberg, 1992). Exceptionally high
glycine concentrations exist in the kidney with more than
20 mM glycine in the tubular cells of the rabbit renal cortex.
The glycine concentrations in blood plasma and the extracel-
lular space equilibrate within minutes (Hahn et al., 1999;
Hahn, 2006a). The half-life of glycine in the blood depends
on the dose administered and may vary between half an hour
and several hours. The majority of glycine administered is
taken up by cells and metabolized, primarily in the liver. Only
a minor amount is excreted in the urine.

Remarkably, the physiological presence of glycine under
in vivo conditions has not been taken into consideration in
the discussion of its protective mechanism(s) so far. The only
exception is the kidney, where the very high glycine content
of the tubule cells has been suggested to be responsible for the
missing protective effect of glycine treatment under in vivo
conditions (Weinberg, 1992). Upon energy depletion, glycine
of the tubule cells is assumed to leak into the extracellular
space reaching concentrations high enough to fully protect
(still viable) cells from hypoxic injury. Upon reperfusion,
however, this protection should be lost due to washout of
glycine.

Studies on the protective properties of glycine and related
compounds in primary cells, in cell lines and in isolated
perfused or stored organs have been, as far as we can see,
exclusively performed in the absence of blood, plasma or
serum, using buffered salt solutions as incubation, perfusion
or storage medium. Under these conditions, not only in cells
but also in perfused or stored organs, direct cytoprotection
should be the preferred mode of protection by glycine
(Figure 4). In primary cells and cell lines, glycine necessarily
prevents injury this way. In perfused or stored organs, pro-
tection is not only achieved by glycine but also by glycine
receptor antagonists and glycine-related compounds, which
only poorly activate the glycine receptor (Baines et al., 1990;
Silva et al., 1991; Heyman et al., 1992a). In addition, in the
absence of blood, the immune response is impaired and thus
should contribute less to the injurious process. In marked
contrast to the in vitro systems, clear evidence for the involve-
ment of direct cytoprotection in the protection provided by
glycine against ischaemia–reperfusion injury under in vivo
conditions is missing.

In contrast to direct cytoprotection, protection from
ischaemia–reperfusion injury provided by inhibition of the
inflammatory response should mainly play a role in the pres-
ence of blood and thus under in vivo conditions, and here due
to its requirement of oxygen especially in the reperfusion
phase (Figure 4). In line with this mechanism of protection,
in those in vivo experiments where glycine protected from
ischaemia–reperfusion injury (and where parameters of the
immune system were determined), a concomitant decrease in
inflammation has been reported (Zhong et al., 1999; Mauriz
et al., 2001; Wang et al., 2004; Rentsch et al., 2005; Duen-
schede et al., 2006; Liu et al., 2006; Yamanouchi et al., 2007;
Schaefer et al., 2008; Bruns et al., 2011; Sheth et al., 2011). In
all cases, however, the cause–effect relationship remained
unclear. A decrease in the inflammatory response may merely
result from a decrease in upstream injurious events such as a

BJP F Petrat et al.

2066 British Journal of Pharmacology (2011) 165 2059–2072



decrease in cell injury due to direct cytoprotection by glycine.
On the other hand, protection by glycine receptor agonists
other than glycine (Schemmer et al., 2005; Kincius et al.,
2007; Bruns et al., 2011) and the lack of protection by alanine
(Zhong et al., 1999) support the notion that inhibition of the
inflammatory response is the decisive protective mechanism
of glycine against ischaemia–reperfusion injury in vivo.

Both, direct cytoprotection and inhibition of the inflam-
matory response (Figure 4), occurred at half-maximal glycine
concentrations of around 0.4 mM (see above), that is some-
what above the physiological range of the plasma (intersti-
tial) glycine concentration. Accordingly, both protective
mechanisms should be already operative under normal
(physiological) in vivo conditions. Thus, to provide significant
additional protection, glycine doses high enough to increase
the plasma glycine concentration close to 1 mM should be
required. In accordance with this postulation, plasma glycine
concentrations of 1 mM and above were indeed achieved in
the vast majority of the in vivo studies where protection by
glycine was reported (see above). On the other hand, there is
a significant number of studies where protection against
ischaemia–reperfusion injury was already attained at low
glycine or taurine doses (den Butter et al., 1993a; Zhong et al.,
1999; Wang et al., 2004; Kincius et al., 2007; Petrat et al.,
2011; Sheth et al., 2011). At these low-dose treatment regi-
mens, the plasma glycine concentration does not increase to
a level to elicit (additional) direct cytoprotection or inhibi-
tion of the inflammatory response. Thus, at least under these
conditions, the mechanism of protection by glycine against
ischaemia–reperfusion injury remains elusive, and alternative
mechanisms of protection need to be considered such as
stimulation of intracellular protective signalling pathways
like those mediated by Akt (PKB) and glycogen synthase
kinase 3b (GSK3b) (Heusch et al., 2008). This possibility was
studied in intestinal ischaemia–reperfusion injury in rats,
however, with a negative finding (unpubl. results). Ischaemia
and reperfusion (10 min and 5 min) significantly increased
phosphorylation of Akt without altering phosphorylation of
GSK3b. Pre-treatment with 20 mg glycine per kilogram (i.v.
infusion for 30 min before ischaemia) was without any effect
on the phosphorylation of both kinases.

Clinical application of glycine

Application independent from
ischaemia–reperfusion injury
Glycine is a standard component of each amino acid solution
used in parenteral nutrition (Stein et al., 2009). The doses of
glycine (per hour) used for parenteral feeding are clearly
lower than the glycine doses applied for protection in most
animal studies, but they are close to the doses achieved with
the low-dose glycine treatment regimens (see above).

Administration of glycine has also been used in several
clinical trials to ameliorate cognitive deficits and dementia,
but especially to augment antipsychotic treatment of schizo-
phrenia as an adjunct to conventional neuroleptic therapy
(Heresco-Levy et al., 1996; Evins et al., 2000; Leung et al.,
2008; Palmer et al., 2008). In these studies, glycine was given
orally for days to weeks. Partly, high single glycine doses of up

to 0.8 g·kg-1·day-1 were used. In some of these studies, serum/
plasma glycine concentrations were determined as well. For
instance, upon treatment with 60 g glycine (30 g twice a day),
serum glycine increased from 0.239 mM to 1.390 mM at week
8 (Evins et al., 2000). In all these studies, glycine treatment
was well tolerated (but in some studies, the primary end point
was not achieved).

In endoscopic surgery, non-electrolyte solutions contain-
ing glycine at high concentrations are used as irrigating fluids
with the potential complication of the systemic absorption of
high amounts of glycine (Hahn, 2006a; Collins et al., 2007).
From this complication and related experimental studies,
valuable information on the dose and concentration depen-
dency of glycine intoxication has been derived. In humans, i.v.
(acute) uptake of at least 20 g of glycine is required to result in
toxic symptoms, and the threshold plasma glycine concentra-
tion where adverse symptoms start to develop is around 5 mM
(Sandfeldt and Hahn, 1999; Hahn, 2006a,b). Typical adverse
effects of glycine include visual disturbances to transient
blindness, prickling and burning sensations in the face and
neck, transient confusion, arterial hypotension and cardiac
impairment, as well as nausea and vomiting (Sandfeldt and
Hahn, 1999; Hahn, 2006a; Collins et al., 2007).

Application in ischaemia–reperfusion injury
As compared with the large number of experimental studies,
there have been only a few clinical trials performed with
glycine to protect against ischaemia–reperfusion injury.

In 1999, Arora et al. reported that glycine rinse decreases
injury of the transplanted liver (Arora et al., 1999). In their
study with a total number of 50 patients, livers were cold-
stored in UW solution. After completion of both vena cava
anastomoses (i.e. immediately before reperfusion), the
hepatic artery was flushed with 150 mL, and the portal vein
with 350 mL of either an electrolyte solution or the same
solution supplemented with 2 mM glycine. Glycine rinse
decreased postoperative transaminase elevations and the
occurrence of bile duct strictures, and none of the patients in
the glycine group required retransplantation as compared
with three patients in the no-glycine group.

Using a somewhat different approach, the effect of glycine
on reperfusion injury of the liver following liver transplanta-
tion was also studied by Schemmer et al. (2001b; 2002). In
their study, liver recipients were infused with glycine (5.6 g)
1 h prior to reperfusion of the transplanted organ and subse-
quently daily during the following week, resulting in a fivefold
increase in the serum glycine concentration. In preliminary
results from seven patients, serum transaminases were mark-
edly lower compared with matched historic control patients.
Based on these data, a prospective double-blinded multicenter
clinical trial was started in 2005, using a comparable glycine
treatment regimen but a daily glycine dose of 11 g (Luntz et al.,
2005). As a preliminary result, decreased transaminases have
been reported (Hoffmann et al., 2011). The final results,
however, have not been published yet.

In a double-blinded, placebo-controlled trial, the efficacy
of sublingual glycine treatment was studied in 200 patients
with acute ischaemic stroke (0.5, 1.0 or 2.0 g·day-1 for 5 days).
One and 2.0 g glycine per day significantly improved clinical
(functional) outcome and tended to decrease the 30 day mor-
tality (Gusev et al., 2000).
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High-risk cardiac patients scheduled to undergo cardiac
surgery with the use of extracorporal circulation were treated
preoperatively with oral immune-enhancing nutrition
supplement (OIENS) for at least 5 days; glycine (around
32 g·day-1) was added to the liquid supplement to prevent
ischaemia–reperfusion injury (Tepaske et al., 2007). Glycine
inclusion failed to improve organ function and postoperative
recovery or to decrease postoperative infectious morbidity.

Conclusions

Glycine has a great potential to protect from ischaemia–
reperfusion injury. This is clearly suggested by numerous
studies with cells, isolated perfused or cold-stored organs and
experimental animals. However, protection by glycine from
ischaemia–reperfusion injury does not apply to all organs and
under all conditions. For certain organs such as the liver and
the small intestine, several reports demonstrating protection
have been published, while for other organs, especially the
heart, very limited information on protection by glycine is
available. Protection of the kidney in vivo appears to be
unlikely. The brain deserves special attention due to the fact
that glycine acts as a neurotransmitter in the CNS.

Glycine may prevent ischaemia–reperfusion injury by
direct cytoprotection, presumably by inhibition of the forma-
tion of plasma membrane pores and by inhibition of the
inflammatory response. However, the relevance of both pro-
tective mechanisms in detail remains unclear. Direct cytopro-
tection is most likely responsible for and limited to the
protection in cells and perfused/cold-stored organs in the
absence of blood or plasma. In contrast, under in vivo condi-
tions, inhibition of the inflammatory response is presumably
involved in the protective action of glycine against ischaemia–
reperfusion injury; this, however, only at glycine concentra-
tions several times higher than the physiological values (i.e.
close to 1 mM or above). The mechanism of protection
achieved by low-dose glycine treatment regimens is unknown.

Glycine is a compound with very low toxicity. In
addition, its adverse effects and their dose/concentration
dependencies are well known. Comparison with those
doses/concentrations providing protection reveals a wide
therapeutic safety margin, especially with the low-dose treat-
ment regimens. Clinical trials on the protection of glycine
against ischaemia–reperfusion injury have been performed
mainly in special surgical areas, and their results are only
partly convincing. Trials in those areas where the protection
by glycine against ischaemia–reperfusion injury has been sug-
gested by experimental data most conclusively, such as intes-
tinal ischaemia–reperfusion or haemorrhagic shock, are still
missing and thus are urgently awaited.
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